The yield stresses of five samples (two highly concentrated emulsions, two Kaolin dispersions and mayonnaise) were determined in two ways. In one case, steady shear experiments were performed over a range of incrementally decreasing shear rates. The resulting flow curves, plotted as shear stress against shear rate, clearly showed the existence of a yield stress for each sample, the Herschel-Bulkley model being fitted to obtain values. In the second case, oscillatory amplitude sweeps were performed at three frequencies, and the "dynamic yield stress" was defined as the stress at which deviation from linearity occurred; this procedure has often been used to determine the yield stress of emulsions. It was found that the dynamic yield stress is frequency dependent, and cannot therefore be thought of as physically meaningful material property. At no frequency did the dynamic yield stress correlate with the yield stress obtained from the flow curves.
INTRODUCTION
The behaviour of different materials at very low shear stresses has always been a subject of special interest. This interest arises from the idea that applying low stresses allows the properties of the unperturbed structure of a material to be explored.
Generally speaking, there are two limiting situations. In one case a regime of constant viscosity is observed over a relatively wide range of shear rates (or stresses). This viscosity being referred to as the initial Newtonian viscosity, and can be directly related to the molecular mass of a polymer chain [1] , the concentration of a solid phase in a dispersion, and so on [2] . In the second case, an unlimited growth in viscosity occurs at some limiting shear stress, below which flow becomes impossible. This may be viewed as a transition to solid-like behaviour. If the transition takes place sharply, the transition point is deemed to be the yield stress. The phenomenon of the yield stress was proposed as the first milestone of rheology [3] and continues to form the focus of numerous authors. The concept of yielding at low stresses is commonly accepted for many materials, including various different types of suspension [4 -7] , consistent greases [8] , filled polymer melts [9] , and ice suspensions [10] , to name but some. The existence of a yield stress was also quite evident in our studies of the rheology of highly concentrated emulsions [11 -16] , as well as occurring in other emulsions such as mayonnaise [17, 18] . The parameter can be used for the quantitative comparison of different materials. In particular, it has been shown that the yield stress directly reflects the evolution of the physical structure of emulsions in time [14] .
However, in the determination of either the low-shear-rate Newtonian viscosity or the yield stress, some doubt remains: are the experimental conditions appropriate to speak about a genuinely threshold situation? This problem has been discussed in several publications [19 -22] . As the yield stress is often found by extrapolation of experimental data, the result may strongly depend on the chosen procedure of experimental data fitting. So the conclusion: "It depends on what you mean … by the yields stress" [22] seems to be the most reasonable answer to the problem of measuring "the yield stress".
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But at least in some cases, the existence of yielding and the transition from solid-like to liquid-like behaviour seem evident. This is true for many multi-component systems where a disperse phase creates some form of rigid structure and the yield stress characterizes its strength. Besides the experimental evidences, the existence of a physically-based yielding behaviour of highly concentrated emulsions was proven in several theoretical publications devoted to modelling the properties of these materials [23 -26] .
Nevertheless, the problem of the experimental determination of the yield stress continued to be debated. As a general rule, the yield stress is assigned to the vertical part of a viscosity against shear stress curve obtained from different deformation modes, and particularly from the decreasing shear rate mode. In that case, the value of the yield stress is either quite evident and unambiguous or is found by extrapolation of experimental points, using a fitting equation such as the Herschel-Bulkley model [2] . Moreover, several authors have attributed the non-linearity observed in the viscoelastic properties of different materials as the consequence of yielding. Kamatsu et al. [27] treated the distortion of the stress waves from the sinusoidal shape as the "dynamic yield stress". Mason et al. [25] and Babak et al. [28] treated the initial point of nonlinearity in the amplitude dependence of the elastic modulus as the physically meaningful yield stress and used this value in their theoretical speculations.
In discussing the rheological properties of multi-component systems (suspensions and emulsions), it is necessary to pay special attention to the wall slip phenomenon and to exclude this effect before discussing the true bulk properties of a material and the yield stress in particular. Slip occurs in the flow of multi-phase systems because of the displacement of the disperse phase away from solid boundaries. This arises from steric, hydrodynamic, viscoelastic and chemical forces and the constraints acting on the disperse phase immediately adjacent to the walls. The slip effect was reported to exist in suspension and emulsion systems by Barnes [29] , and specifically in kaolin suspensions [30, 31] and mayonnaise [32, 33] .
The goal of this note is to compare the results of two different methods of estimating the yield stress -in steady shearing and in peri-odic oscillation. Though the main subject of our work is highly concentrated emulsions, the problem was studied using a wider range of materials: kaolin at two concentrations in water as a typical suspension, and mayonnaise as a typical emulsion different from liquid explosives. This was done to make the conclusions of comparison of the two methods under discussion more reliable.
EXPERIMENTAL 2.1 MATERIALS
Highly concentrated emulsions of the explosive type. These materials were described in detail in our earlier publications [11 -16, 34] . Consequently only some of principle features need to be repeated here. The samples are emulsions of the water-in-oil type with a concentration of the aqueous phase up to 96 wt%. The liquid droplets have a polygonal shape and consist in a supercooled aqueous solution. Water comprises less than 20 % by mass of this phase, the remainder being mainly inorganic salts. The oil phase is based on hydrocarbons and the emulsifier comprises approximately 15 % of this phase. These emulsions are visco-plastic materials with strong non-Newtonian behaviour at stresses exceeding some limit treated as the yield stress. The transition to the vertical part of the viscosity against stress curves -to yielding -is quite well visible and evident.
In this study, two typical examples of explosive emulsions were used. These samples, designated as D-13 and D-14, are similar in their chemical composition. They contain 6 wt% oil as the continuous phase. The average droplet size is 13 and 14 mm, respectively. The size distribution of droplet size is Gaussian [16, 33] . The yielding behaviour of these systems is dependent on the structure formed by surface inter-droplet layers of surfactant and, possibly, on the direct contact of droplets. The latter supposition is based on the observation that the inner structure of droplets (which changes as the ammonium nitrate crystallizes) directly influences the yield stress [14] . Kaolin dispersions. The characteristics of the kaolin powder used for experiments are listed in Table 1 . Two water dispersions with different concentrations of kaolin -10 and 14 % (designated below as Kaolin-10 and Kaolin-14, respectively) were prepared by a 30 minute agitation of the water and kaolin mixtures. The yielding behaviour of these suspensions is dependent on the mechanical contacts of solid particles creating a structure with its own strength. Mayonnaise. The mayonnaise sample is manufactured by Kraft Foods South Africa Ltd., and marketed under the tradename "REAL". The ingredients are listed as: 52 % sunflower oil, water, modified starch, vinegar, pasteurized egg, sugar, salt, preservatives, lemon juice, thickener, garlic and onion powder and spices. The yielding behaviour of this emulsion is assumed to be due the formation of a network structure by lipoproteins [17] .
METHODS
Samples were tested using a rotational rheometer MCR300 (Paar Physica) with a cup and bob measuring system. A bob with a sandblasted surface was used. The possibility of wall slip in our experiments was investigated using a plateplate (sandblasted-smooth) geometry at different gap sizes. The wall roughness of these two geometries, cup and bob and plate-plate, was similar, the two systems therefore being analogous to each other. The diameter of the sandblasted plate was 50 mm.
Experiments were carried out using various deformation regimes. Firstly, stress-controlled deformations were applied, the stress being changed incrementally. Secondly, flow curves were measured in a downward shear rate sweeping mode as described in earlier publications
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Volume 18 · Issue 4 [13, 15] . Two different time scales, 5 and 10 s, were used for each experimental point of the flow curves for all samples. It is worth noting that the flow curves of all samples were independent of the shearing ramp chosen. The procedure of estimating the yield stress will be discussed in the following section of the paper. Thirdly, the amplitude dependencies of the dynamic moduli were measured at several constant frequencies 1, 10 and 100 rad/s. For highly concentrated emulsions, the storage modulus does not depend on frequency, and the frequency dependence of the loss modulus is rather weak. However, it was not evident beforehand whether the transition from linear to non-linear amplitude dependence was sensitive to frequency.
The results are presented below as the amplitude dependencies of the real (storage) and imaginary (loss) moduli obtained from strain sweep or stress sweep experiments. The yield stress was estimated from the amplitude dependence of the stress or strain in the manner discussed below.
RESULTS AND DISCUSSION
Before discussing the experimental results related to the bulk flow properties of the materials under study including the problem of the correct determination of the yield stress, it is necessary to eliminate the possible influence of the wall slip phenomenon.
The problem of slip in measuring the flow properties of highly filled systems always exists and should be taken into account. This problem was specially studied for explosive emulsions in our earlier publications [13 -15] . Two types of experiments were carried out: flow through tubes (including industrial pipe-lines) of different diameter, and rotational flow using devices with different gap between stationary smooth and rotating sandblasted surfaces. In all cases, no influence of wall slip on the results of rheological measurements and output calculations for a pipe-line was established. So the results were invariant with respect to the wall/volume ratio. It means that we can neglect this possible phenomenon and treat the results of rheological measurements for these systems as the true bulk properties of the materials.
For kaolin suspensions, two types of experiment were also carried out. The first one is the flow through tubes of different diameter. In an earlier publication [35] , we experimented with the pipe flow of the kaolin suspensions through tubes of 13, 28, and 80 mm diameter, and compared the technological data with predictions based on laboratory viscometric measurements of these suspensions carried out using a rotational rheometer with sandblasted surfaces. The results showed no evidence for the existence of any slip effect. Furthermore, experiments with different gap sizes were performed in the present work to investigate the possibility of slip in the rheological results of Kaolin-10, Kaolin-14 and mayonnaise samples. This was carried out using the parallel-plate geometry with sandblasted surfaces, as discussed in the experimental section. The results of measurements clearly show (Fig. 1 ) that the experimental technique
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The lower parts (related to the low shear rate domain) of flow curves for the five materials under study are presented in Figure 2a -b. These data were obtained in the downward sweeping shear rate experiments, because it has been shown [13, 15] that the real flow curve can be best obtained in this mode of deformations. The data are presented on semi-log scales in order to demonstrate that the stress level really remains constant over a rather wide range of shear rates. The yield stress was obtained by fitting the Herschel-Bulkley model, s = s Y * + Kg · n , to the low shear rate region of flow curve (Table 2) , where the yield stress is denoted by s Y *. In all cases a good fit was achieved. Thus the yield stress is a real physical characteristic of a material and the values will be used as the benchmark for comparison with other values of characteristic parameters obtained in different experiments. The error in the estimation of s Y * is no more than 10% and in the most cases is less than 5 %.
The frequency dependencies of the dynamic moduli are presented in Figure 3a -e for the linear domain of viscoelasticity. One can clearly see the difference in the properties of highly concentrated emulsions, suspensions and a regular emulsion (mayonnaise). While highly concentrated emulsions resemble quasi-solid materials as shown by the absence of any frequency dependence on elastic modulus, other materials demonstrate a strong dependence of the elastic modulus on frequency.
In accordance to the aim of this study, we will estimate the point of deviation of the mechanical properties in the samples under study from the linear regime of viscoelastic behaviour. Several examples of the amplitude of strain sweep are presented in Figure 4 for three types of materials: highly concentrated emulsions (a), suspensions (b) and the regular emulsion (c).
It can be seen that the non-linearity is much more strongly expressed in the loss modulus than in storage modulus. This is quite typical for 44790-5 Applied Rheology Volume 18 · Issue 4 many materials. We have chosen the following procedure for estimating the "critical" point -the limit of linear behavior -for highly concentrated emulsions. Following the method proposed by Mason et al. (1996) [25] , we plotted the stress amplitude against the strain amplitude and found the critical point from the intersection of straight lines as shown in Figure 5 . This method was used for several frequencies and the intersections have been designated as s 1 , s 10 , and s 100 , where the superscript shows the frequency, at which the intersection stress was measured. The same method was also used for mayonnaise.
However this method does not work for suspensions because their stress against strain curves look different (see Figure 4c , d). In this case, the critical point was assumed as the start of departure from linear dependency of stress against strain curve when the strain increases. The summary of all experimental results is presented in Table 3 . At this point, one might suspect that the differences in yield stress are due to the strain sweep mode in the experiments. Therefore the experiments were repeated in the stress sweep mode. Figure 6 demonstrates the results of measurements for one of the samples. One can see that there is no difference between the results of these two modes in linear viscoelastic region measurement. Two things now become rather clear. Firstly, the critical stress found in the oscillating tests (sometimes referred to as the "dynamic yield stress") is not constant but strongly depends on frequency. Secondly, the values of the critical stress found in the oscillating experiment do not coincide with real ("physical") yield stress estimated from flow curves. This means that the "dynamic yield stress" is in no event a physical parameter of a material, and cannot be used for comparison with any theoretical conclusion concerning rheological properties of visco-plastic materials. It is possible to try and extrapolate experimental data for "dynamic yield stress" to "zero" frequency. However, even in this approach, we did not reach a reasonable correlation between s Y * and the "zero-frequency dynamic yield stress".
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Applied Rheology Volume 18 · Issue 4 Different visco-plastic materials -suspensions and emulsions -were studied in steady flow mode over a wide range of shear rates and in oscillatory mode with different amplitudes of stress (and strain) and at different frequencies. Flow curve measurements, which were carried out in the downward sweep mode of shearing, showed the existence of a yield stress which was obtained by the fitting of Herschel-Bulkley model.
It was demonstrated that the critical shear stress point estimated from oscillating regimes of deformation as the interception of two lines (corresponding to linear and non-linear domains) in stress against strain dependence, and sometimes considered as the "dynamic yield stress", depends on frequency and therefore cannot be treated as a point with some physical meaning. There is no correlation between the flow curve yield stress (which really reflects the physics of the visco-plastic nature of materials under study) and the dynamic yield stress, no matter at what frequency the latter has been measured.
